The relationship between peri-infarct depolarizations (PIDs) and infarction was investigated in a model of preconditioning by cortical freeze lesions (cryogenic lesions, CL) in the Spontaneously Hypertensive Rat. Small ( o 5 mm 3 ) lesions produced 24 hours before permanent focal ischemia were protective, without impacting baseline cerebral blood flow (CBF) and metabolism. Prior CL reduced infarct volume, associated with improved penumbral CBF as previously showed for ischemic preconditioning. The brief initial procedure avoided sham effects on infarct volume after subsequent occlusion under brief anesthesia. However, under prolonged isoflurane anesthesia for perfusion monitoring both sham and CL rats showed reduced PID incidence relative to naive animals. This anesthesia effect could be eliminated by using α-chloralose during perfusion imaging. As an additional methodological concern, blood glucose was frequently elevated at the time of the second surgery, reflecting buprenorphineinduced pica and other undefined mechanisms. Even modest hyperglycemia (410 mmol/L) reduced PID incidence. In normoglycemic animals CL preconditioning reduced PID number by 50%, demonstrating associated effects on PID incidence, penumbral perfusion, and infarct progression. Hyperglycemia suppressed PIDs without affecting the relationship between CBF and infarction. This suggests that the primary effect of preconditioning is to improve penumbral perfusion, which in turn impacts PID incidence and infarct size.
INTRODUCTION
Peri-infarct depolarizations (PIDs) are well recognized in experimental and clinical stroke, [1] [2] [3] and propagated depolarizations also occur in brain after hemorrhage and trauma. 4 Available evidence suggests that such events contribute to pathology by both increasing metabolic demand and limiting perfusion. 5 The latter effect appears to involve a transition from vasodilatory to vasoconstrictive responses to depolarization under pathologic conditions, [6] [7] [8] and steal may also contribute in the context of focal ischemia. 5, 9 The PID number is usually too variable to predict outcome for an individual animal, but infarct size and depolarization parameters are correlated in most studies of experimental stroke. 10 The cumulative duration of depolarization, dependent largely on position in the perfusion gradient, is the primary determinant of local tissue fate, [11] [12] [13] but depolarization number can still be relevant. Numerous interventions simultaneously attenuate PID incidence and reduce infarct size, [14] [15] [16] whereas superimposing additional depolarizations exacerbates injury. 17 Most importantly, stepwise infarct expansions can occur in association with the propagation of individual PIDs. 5, 13, 18 Conditioning paradigms constitute robust but mechanistically heterogeneous interventions to modulate outcome in experimental stroke. Preconditioning protection in the Spontaneously Hypertensive Rat (SHR) is associated with early recovery of penumbral cerebral blood flow (CBF). 19, 20 Improved CBF has also been reported in other preconditioning models, 21, 22 suggesting that perfusion effects are more general contributors to protection than initially appreciated. In view of the recognized effects of PID propagation on penumbral CBF, an impact of preconditioning on such events could be mechanistically relevant.
It has been challenging to produce conditioning models with the quantitative reliability necessary for mechanistic studies. Ischemic preconditioning in the SHR has two components, a modest effect associated with the sham procedure and likely arising due to prior anesthesia exposure, and a robust component more evident in animals subjected to preconditioning occlusions. 20 Both components are also found in autoradiographic assessments of ischemic territory volume at 3 hours after occlusion. 20 A retrospective evaluation of the sections from that analysis determined that more robust protection was associated with the presence of small prior lesions, sometimes remote from the site of surgical manipulation. 23 This component of ischemic preconditioning therefore seems analogous to that produced by intentional cortical lesions. 24 In the current study, a preconditioning model based on cortical freeze lesions (cryogenic lesions, CL) was optimized in the SHR. Since cortical lesions can impact baseline CBF, 23, 24 as well as glucose metabolism, 25, 26 the impact of lesion size on CBF and preconditioning efficacy was compared. Hyperglycemic effects secondary to buprenorphine analgesia were identified and minimized by adjustments in animal husbandry. In addition, it was found essential to use α-chloralose for anesthesia during PID monitoring to avoid confounding effects of prior isoflurane exposure. The optimized model was then used to determine the impact of CL preconditioning on PID incidence. Preliminary results have been reported. 27 
MATERIALS AND METHODS Experimental Animals and Study Design
Male SHR (approximately 3 months of age, weighing 250 to 300 g, n = 215) were obtained from Harlan Laboratories (Indianapolis, IN, USA) or Charles River Laboratories (Wilmington, MA, USA). All experiments were approved by the Institutional Animal Care and Use Committee, University of Tennessee Health Science Center, and were conducted according to United States Public Health Service Policy on Humane Care and Use of Laboratory Animals. The general study design involved an initial interval of anesthesia to produce a preconditioning cortical freeze lesion (CL), or the corresponding sham procedure. On the following day both Sham and CL rats were subjected to permanent focal ischemia, as were additional animals in a Naive comparison group. The pretreatment study design precluded formal randomization, but each component of the experiment involved multiple shipments of animals over the course of many weeks, with allocations among groups distributed over time. The same individual performed all experimental procedures and was therefore aware of group designation at the time of occlusion surgery. However, any derived samples or images were thereafter identified only numerically.
In Study 1, cortical infarct volumes were measured at 24 hours after occlusion for groups in which all procedures had been performed under anesthesia with either halothane (Naive, n = 6; Sham, n = 9; CL, n = 9) or isoflurane (Naive, n = 9; Sham, n = 10; CL, n = 10). In Study 2, acute ischemic territory volumes (CBF ⩽ 30 mL/100 g per minute) were assessed autoradiographically at 15 minutes (Naive, n = 2; CL, n = 2) and 3 hours (Naive, n = 5; Sham, n = 4; CL, n = 5), following procedures performed under isoflurane anesthesia. In Study 3, rats received cortical lesions alone and were evaluated the following day for asymmetries in CBF (n = 25). In Study 4, PID-associated CBF responses were monitored by speckle contrast perfusion imaging during the initial 4 hours of occlusion, under anesthesia with either isoflurane (Naive, n = 5; Sham, n = 5; CL, n = 6) or α-chloralose (Naive, n = 8; Sham, n = 9; CL, n = 7). The above group sizes were based on prior experience establishing that 5 to 6 animals per group were sufficient to detect preconditioning effects after permanent occlusions in the model. 20 Fewer animals were used in confirmatory autoradiographic CBF studies, whereas more animals were devoted to novel end points related to perfusion imaging. Additional animals were used in preliminary studies to develop and troubleshoot experimental procedures. These primarily involved comparison of preconditioning efficacy for cortical lesions at different locations (n = 48), and adjustment of animal husbandry to minimize hyperglycemia during the second surgical procedure (n = 21).
Animals were excluded from the study due to unexplained mortality (n = 2), local hemorrhage indicative of surgical trauma at the site of occlusion (n = 5), or if there was evidence of subcortical infarction (n = 7). Rats were also excluded from the grouped data of studies 1, 2, and 4 if preconditioning lesions injured subcortical white matter (n = 6), or if blood glucose levels at the time of occlusion surgery exceeded 10 mmol/L (Sham, n = 7; CL, n = 10), but these animals did contribute to studies evaluating effects of lesion size and hyperglycemia.
Preconditioning Lesions
The rationale for a lesion-based preconditioning model is founded in the observation that a subset of animals experiencing surgery to produce preconditioning middle cerebral artery (MCA) occlusions exhibited incidental cortical injury, frequently associated with reductions in ipsilateral CBF. 23 An example of a relatively large such lesion and its impact on perfusion are illustrated in Figure 1 (upper panels). For the current study, intentional CL replaced these comparatively rare, unpredictable events.
Animals were anesthetized and ventilated with 1% to 2% halothane or isoflurane in 70% N 2 , 30% O 2 . Body temperature was monitored with a rectal probe and maintained at 37°C via a feedback-controlled heating pad and infrared lamp until complete recovery from anesthesia. The skull was exposed and a 3-mm diameter window was thinned over temporal MCAterritory cortex until brain surface vasculature was uniformly visible, during which time temperature was maintained with a thermostated saline drip (TC-324B, Warner Instruments Inc., Hamden, CT, USA). A 2-mm diameter stainless steel probe cooled in liquid nitrogen was applied to the thinned skull for 10 seconds. Sham animals were subjected to identical surgery without probe application. Incisions were closed with surgical suture and swabbed with povidone/iodine, and animals received subcutaneous buprenorphine (0.05 mg/kg). Anesthesia was discontinued, animals were weaned from the respirator and allowed to recover consciousness and thermal equilibrium, and were returned to their cages. Total anesthesia duration averaged 20 minutes.
The position selected for the preconditioning lesion was typically 3 mm ventral and 1 mm caudal to the site of MCA occlusion, corresponding to approximate stereotaxic coordinates 7 mm lateral, 1 mm caudal to bregma (Figure 1 , middle panels). Preliminary studies examined the efficacy of placement at other locations, including frontal cortex, as used in previous studies involving hypertonic lesions. 24 Less robust effects were observed at such sites, and lesion and infarct borders sometimes overlapped due to the large infarct size in the SHR, complicating quantitative measurements. When placed at the selected position the region of preconditioning damage always remained within the margins of the eventual infarct. Freezing times were varied in preliminary studies to produce a range of lesion sizes. Small lesions were restricted to cortex and had no impact on CBF remote from the lesion site ( Figure 1 , middle panels). Large lesions (4 5 mm 3 ) were associated with subcortical white-matter edema, propagating contralaterally in severe cases and produced widespread reductions in ipsilateral baseline perfusion (Figure 1 , lower panels). Since white-matter involvement was readily detected in the frozen sections used for either CBF autoradiography or infarct assessment, brains exhibiting such edema could be excluded from analysis in preconditioning studies.
Post-Preconditioning Husbandry
Preconditioning lesions were produced in fed animals, but rats of all experimental groups were fasted overnight before MCA occlusion. In naïve animals, this procedure successfully avoided recognized hyperglycemic effects of isoflurane. However, in preliminary studies it emerged that both Sham and CL groups tended to show elevated glucose levels during the second interval of isoflurane anesthesia, even when fasted ( Figure 2 , upper panel). The most prominent component of this effect was associated with buprenorphine analgesia, and occurred secondary to a previously described pica behavior that resulted in bedding consumption and gastrointestinal distress. 28 This was attenuated by housing animals overnight in wire-bottom cages, which restored glucose levels to those observed in the absence of buprenorphine. Nevertheless, modest hyperglycemia could occur in previously operated animals, independent of analgesia effects. It has long been recognized that profound hyperglycemia can block the occurrence of PIDs during focal ischemia, 2 and more recent results showed that hyperglycemia both raises the stimulus threshold for generating cortical spreading depression and reduces depolarization frequency. 29 Rats with blood glucose levels greater than 10 mmol/L were excluded from the current studies, based on observations that PID incidence declined above this threshold in both Sham and CL animals ( Figure 2 , lower panel).
Permanent Focal Ischemia
Focal brain ischemia was produced by tandem occlusion of the right MCA and ipsilateral common carotid artery (CCA), essentially as previously described. 20, 30 Animals were anesthetized and ventilated, and temperature was controlled as described above. A tail artery cannula (PE-50) was placed to monitor blood pressure and for periodic sampling to measure blood gases, pH, and glucose level (Supplementary Tables S1 and S2, Supplementary Data). The right CCA was exposed and cauterized between two ligations. The right MCA was exposed at the level of the rhinal fissure by dissecting the temporalis and masseter muscles and drilling a 2-mm burr hole through the temporal-squamous bone. The MCA was snared with a micromanipulator-controlled wire hook, raised approximately 1 mm, and cauterized to produce permanent focal brain ischemia.
Incisions were closed with suture and swabbed with povidone/iodine. For survival studies of infarct volume and autoradiographic CBF, animals routinely received subcutaneous buprenorphine (0.05 mg/kg). Anesthesia was discontinued, animals were weaned from the ventilator and allowed to recover consciousness and thermal equilibrium, and were returned to their cages.
Histologic Analysis
Animals were decapitated under halothane or isoflurane anesthesia 24 hours after MCA occlusion. The brains were rapidly dissected, frozen in hexane at − 40°C, and stored at − 70°C. Coronal sections (20 μm) were cut in a cryostat at − 20°C and collected at 1 mm intervals through the extent of the MCA territory. Slides were briefly fixed in 95% ethanol and stained with hematoxylin and eosin, after which calibrated images were collected (NIH Image). The pale infarct area of each section was summed across all sections to determine the infarct volume in cubic millimeters. Edema volume was calculated by the difference in cortical volume between ischemic and contralateral hemispheres, and subtracted from the total infarct volume to yield the corrected infarct volume.
Autoradiographic Cerebral Blood Flow Measurement
Cerebral blood flow was evaluated by an indicator-fractionation technique using 4-iodo-[N-methyl- 14 C]antipyrine (Perkin-Elmer Life Sciences, Boston, MA, USA) as the diffusible tracer, as previously described. 20 Femoral artery and vein cannulae were placed during the course of surgery to produce MCA occlusion, or in a separate surgical procedure approximately 3 hours before tracer infusion in animals that were not subjected to ischemia. Blood flow measurements were performed in awake animals under brief restraint. Isotope was injected as an intravenous bolus (15 μCi in 0.4 mL saline) while arterial blood was withdrawn into a syringe containing heparinized saline at a constant rate of 1 mL/min using a programmable pump (SP230iw, World Precision Instruments, Sarasota, FL, USA). The animals were decapitated approximately 6 seconds after isotope injection, and the pump was simultaneously stopped. Brains were rapidly removed and frozen in hexane at − 40°C, and stored at − 70°C. Sampled blood was transferred with saline rinses to a preweighed tube and reweighed to determine the total volume, assuming a density of 1.05 g/mL. A sample (20 μL) was decolorized with 0.2 mL H 2 O 2 , mixed with 7 mL of scintillation fluid (Ultima Gold, Packard Instrument Company, Meriden, CT, USA), and radioactivity was determined by scintillation counting. Coronal brain sections (20 μm) were cut serially at − 20°C and collected at 0.5 mm intervals throughout the extent of the MCA territory. These were thaw mounted on slides and exposed to Kodak Biomax MR film for 7 days, together with 14 C standards (Amersham Biosciences, Piscataway, NJ, USA), after which calibrated images were captured and stored using NIH Image. For the stroke studies, cortical areas with CBF below 30 mL/100 g per minute, previously identified as a threshold that reliably correlated with infarction in this model, 20 were integrated across all sections to derive the volume of ischemic territory. Lesion effects on baseline perfusion were assessed by determining CBF in regions of ipsilateral dorsal cortex rostral and caudal to the lesion site, as well as the corresponding contralateral locations, and an average ratio was determined for each animal.
Perfusion Imaging
Real-time imaging of the distribution of perfusion deficits, as well as of the CBF response to PID, was accomplished by speckle contrast perfusion imaging using a commercially available instrument package (Full-field Laser Perfusion Imaging system, Moor Instruments Inc., Wilmington, DE, USA), as previously described. 5 Rats were anesthetized with isoflurane, ventilated, and prepared for occlusion as described above. In addition, the dorsal surface of skull was exposed and thinned bilaterally until surface Figure 1 . Cortical lesions incidental to preconditioning surgery or after freeze injury, and their effects on cerebral blood flow (CBF). Hematoxylin-eosin stained sections illustrate regions of cortical damage (*) 24 hours after middle cerebral artery (MCA) manipulation for ischemic preconditioning (IPC) or after intentional cryogenic lesions (CL). Larger lesions (45 mm 3 ) resulted in subcortical white-matter edema, sometimes propagating contralaterally (long arrows). CBF autoradiograms of the same sections illustrate local hyperemia, but more generalized CBF reduction after surgical injury or larger CL (compare signal intensities at the corresponding ipsilateral and contralateral locations, arrowheads).
vasculature was uniformly visible. During this procedure, isoflurane levels were transiently increased to approximately 3%, reducing blood pressure to 90 to 100 mm Hg, and minimizing bleeding. A stream of warmed saline was delivered to maintain a surface temperature of 37°C. Images were collected over a field of 152 × 113 pixels at a sampling rate of 25 Hz, exposure time of 4 ms, and time constant of 1.0 second. Regions of interest were continuously recorded at three ipsilateral and two contralateral locations, avoiding major blood vessels. Full field images were saved at 30-second intervals. After 1 hour of baseline recording the arteries were occluded, and the animal was repositioned and monitored for an additional 4 hours. Some rats were maintained under isoflurane anesthesia, whereas others were transitioned to α-chloralose after occlusion and repositioning (intravenously 50 mg/kg during 5 minutes, then 30 mg/kg per hour beginning at 1 hour), administered as the 2-hydroxypropyl-βcyclodextrin complex (Sigma-Aldrich, St Louis, MO, USA).
Stored images were used to derive quantitative regional CBF estimates in a region of interest centered 2.5 mm lateral, 3 to 4 mm caudal to bregma, at the medial edge of MCA territory (Figure 3, panel A) . Rostrocaudal position was adjusted to avoid major blood vessels. This region had been identified in a previous study to reach flow values near the threshold for infarction, and CBF was calculated using an empirical calibration also established in that study. 5 Peri-infarct depolarizations were identified in the recorded traces as transient hyperemic events restricted to ipsilateral cortex, each verified as a propagating perfusion response in sequential stored images (Figure 3 , panels B and C).
Statistical Analyses
Group values are stated as mean ± standard deviation (s.d.), and values for individual animals are illustrated in all figures. Comparisons of infarct volumes, ischemic territory volumes, and physiologic parameters among Naïve, Sham, and PC groups used Analysis of Variance followed by Scheffe' F-test. Analyses were implemented in StatView 5.0 (SAS Institute, Inc., Cary, NC, USA) or GraphPad Prism 5.0c (GraphPad Software, San Diego, CA, USA), with P o0.05 considered as statistically significant.
RESULTS

Lesion-Induced Preconditioning
The model was developed first with halothane as the anesthetic, and these initial results were then replicated under isoflurane anesthesia. Independent of anesthetic agent, prior cortical lesions reduced final infarct volume after subsequent permanent MCA/ CCA occlusion, without a significant impact of sham anesthesia exposure and surgical manipulation (Figure 4 , upper panels). Protection was associated with a corresponding early recovery of collateral perfusion after recovery from anesthesia. Whereas Naive and CL rats showed comparable CBF deficit volumes at 15 minutes after MCA occlusion (Naive, 95 to 129 mm 3 ; CL, 110 to 115 mm 3 ), ischemic territory at 3 hours varied in parallel with group differences in final infarct size (Figure 4 , lower panel).
Lesion Size and Baseline Effects
Since CBF changes predicted infarct distribution in advance of its clear histologic demarcation, this permitted an assessment of their dependence on size of the prior lesion. Preconditioning efficacy, as indicated by the volume of perfusion deficit at 3 hours after occlusion, was independent of lesion size over the range examined ( Figure 5, upper panel) . Robust protection was evident in rats with 2 to 5 mm 3 lesions that remained below the threshold for a consistent impact on baseline CBF ( Figure 5 , middle panel). Large lesions that impacted baseline CBF also eliminated PIDs when monitored under isoflurane anesthesia ( Figure 5 , lower panel). Since all animals exhibiting perfusion asymmetry and gross PID suppression showed white-matter edema these would have been excluded from the preconditioning studies. Observed protection was therefore independent of changes in baseline perfusion.
Peri-Infarct Depolarization Incidence, Perfusion, and Effects of Anesthesia and Hyperglycemia
The impact of preconditioning CL on PID incidence and early infarct expansion differed markedly with the anesthetic in use during occlusion ( Figure 6 ). Animals maintained under continuous isoflurane anesthesia during 4 hours after MCA/CCA occlusion exhibited comparable 50% reductions in the number of PIDassociated hyperemic events in both Sham and CL groups, relative to Naïve animals. Infarct volumes at the end of the recording period also tended to be smaller in Sham and CL groups although these differences did not achieve statistical significance. Animals in which perfusion imaging was performed under α-chloralose anesthesia showed an approximate doubling in PID incidence compared with isoflurane anesthesia in the Naïve state, and showed no effect of Sham manipulations, but a significant reduction in PID number was observed in the CL preconditioned group. Naïve and Sham groups showed identical infarct volumes at the end of the 4 hours recording session under α-chloralose anesthesia, equivalent to the final infarct volume observed 24 hours after occlusion, whereas CL animals exhibited significantly smaller infarcts. Thus, conditions of sustained α-chloralose anesthesia allow reproduction of the selective lesion-induced preconditioning protection observed in the awake state, and permit identification of an associated reduction in PID incidence.
The variations in PID incidence were paralleled by differences in penumbral CBF ( Figure 6 ). There was a systematic decrease in Figure 2 . Hyperglycemia after prior surgical procedures and its impact on peri-infarct depolarization (PID) incidence. Upper panel:
In naïve rats, blood glucose was adequately maintained by an overnight fast before isoflurane anesthesia. However, glucose levels tended to be higher in animals that had experienced anesthesia and surgery the previous day (pooled data from Sham and cryogenic lesion (CL) groups). Overt hyperglycemia was observed when such animals received buprenorphine. This was attenuated in rats housed in wire-bottom cages after the initial surgery to prevent bedding consumption, but glucose levels remained elevated relative to the naive range (shaded bar), as also observed in the absence of buprenorphine. Lower panel: PID number decreased with increasing glucose levels in both Sham and CL groups. A threshold of 10 mmol/ L was chosen for inclusion in the study to minimize confounding effects of hyperglycemia on PID incidence. overall perfusion after the transition from isoflurane to αchloralose (not shown), after which the distribution of ischemic territory remained essentially constant throughout the duration of recording under a given anesthesia condition. Cerebral blood flow at the margin of the MCA territory was consistently higher in both Sham and CL groups under isoflurane anesthesia, whereas this increase was restricted to the CL group under α-chloralose.
Pooled data for all normoglycemic animals imaged in these studies define consistent relationships among PID number, CBF, and infarct volume (Figure 7) , and inclusion of limited data available from animals with elevated blood glucose (3 Sham, 4 CL, under α-chloralose anesthesia) shows an uncoupling effect of hyperglycemia. Consistent maximum infarct volumes were observed over a wide range of PID number (Figure 7, upper panel) . Although only weakly predictive of outcome for individual animals, decreasing PID incidence in rats preconditioned by prior CL or anesthesia was associated with smaller infarcts below a threshold of approximately 10 PIDs. There was no clear impact of hyperglycemia on this relationship, although infarct volumes tended to be higher for a given number of PIDs. In contrast, whereas decreasing PID number was invariably associated with better-maintained penumbral perfusion in normoglycemic animals (Figure 7, middle panel) , perfusion deficits were pronounced in hyperglycemic rats that nevertheless exhibited few PIDs. Infarct volume was inversely correlated with regional CBF in distal MCA territory, and this relationship was comparable for normoglycemic and hyperglycemic rats (Figure 7, lower panel) . Together, these results indicate that the parallel reductions in PID number and infarct volume are secondary to improvements in penumbral perfusion after anesthesia or lesion preconditioning. In contrast, hyperglycemic PID suppression in the absence of increased perfusion is of limited benefit.
DISCUSSION
These studies established a model of preconditioning by cryogenic cortical lesions that permits discrimination between components of protection due to focal injury versus prior anesthesia exposure, which jointly contribute to ischemic preconditioning in the SHR. 20, 23 Under conditions of transient anesthesia for routine occlusions the brief prior surgical procedure itself had no impact on the volumes of ischemic territory and subsequent infarction. However, there was a marked effect of prior sham manipulations to reduce PID incidence during a second prolonged anesthesia interval required for perfusion imaging. When this confound was avoided by the use of αchloralose anesthesia an association of CL preconditioning with reduced PID incidence emerged. It is suggested that both derive from a primary effect of the preconditioning procedure on perfusion. A number of considerations influenced the development of the model and impact the interpretation of the results.
Rationale for a Lesion-induced Preconditioning Model
Previous studies showed a bimodal distribution of protection after brief focal ischemia in the SHR, 20 and suggested that this reflected interacting effects of anesthesia exposure and incidental cortical lesions. 23 Although rarely emphasized, some degree of tissue injury is frequently noted after most preconditioning insults. 31 Intentional hypertonic lesions have been reported to precondition cerebral cortex, 24 and to account for the protection attributed to cortical spreading depression induced by KCl application. 32 Whereas propagating depolarizations may be essential for hippocampal preconditioning, 33 local injury produced by NaCl without associated depolarizations appears sufficient to provide cortical protection after subsequent focal ischemia. 24 Cryogenic lesioning is an established method for producing discrete cortical injury that has been widely applied to the study of brain pathophysiology. 34 Controlled lesions can be produced through thinned skull in the rat, minimizing the invasiveness of the procedure and the duration of anesthesia required.
Impacts on Baseline Cerebral Blood Flow and Metabolism and the Effect of Lesion Size
As observed for ischemic preconditioning 20 the distribution of the perfusion deficit at 3 hours provided an early index of protection efficacy (Figure 4) , making it possible to measure the size and distribution of previously produced lesions in the same sections used for CBF autoradiography. Importantly, preconditioning effects could be shown for small lesions below the threshold for impacting baseline CBF ( Figure 5 ). This establishes that the cortical protection described in the current study is not secondary to ongoing reductions in baseline activity and metabolic demand.
An early examination of CL effects on CBF and metabolism identified decreases in glucose utilization but not CBF, 25 whereas in our hands CBF was clearly a sensitive parameter ( Figure 5 ). Subsequent independent evaluations of hypertonic lesions have found them to impact both glucose utilization 26 and CBF 24 for at least 3 days after the insults. It seems likely that perfusion and metabolism remain coupled after such insults, and that unrecognized variations in lesion size or position could account for their reported dissociation in the previous CL study. For example, acute CBF decreases after cortical electrode penetration recovered within 6 hours. 35 Comparable effects of microdialysis probe placement were more persistent, but showed considerable recovery by 24 hours, 36 and a subsequent description of CSD preconditioning using KCl microdialysis reported the presence of small histologic lesions around the site of probe placement but no effect on baseline CBF at 3 days. 37 Thus, the recovery time course may be sensitive to lesion size. Metabolic or perfusion effects have Figure 5 . Impact of lesion size on preconditioning efficacy, baseline perfusion, and peri-infarct depolarization (PID) incidence. Upper panel: The volume of the preconditioning lesion was determined for animals that provided ischemic territory data of Figure 4 . Protection was observed for lesions as small as 2 mm 3 and did not vary with lesion size. Note that animals exhibiting white-matter edema were excluded from this analysis (see Figure 1 ). Middle panel: Freezing conditions were varied to produce cold lesions of varying size, and cerebral blood flow (CBF) in ipsilateral and contralateral cortex was compared 24 hours later. Reductions in ipsilateral CBF became prominent for lesions larger than 5 mm 3 . Such asymmetry was invariably associated with edema in subcortical white matter. Lower panel: Large lesions resulting in white-matter edema, which would have reduced baseline perfusion, also eliminated the occurrence of PIDs during subsequent occlusion. When monitored under isoflurane anesthesia, animals with small lesions that would have been protective exhibit PID incidence comparable to the sham group. CL, cryogenic lesions. Figure 4 . Preconditioning effects of cortical lesions. Edemacorrected infarct volumes at 24 hours after ischemia onset were reduced in rats subjected to prior cryogenic lesions (CL), with no effect of sham procedures. Comparable results were obtained under halothane and isoflurane anesthesia. Volumetric assessment of the ischemic territory (cerebral blood flow (CBF) ⩽ 30 mL/100 g per minute) at 3 hours after occlusion, using an autoradiographic [ 14 C]-iodoantipyrine method, predicted final histopathologic outcomes in the respective groups. *P ⩽ 0.05 versus Naive groups. been shown for lesion positions frontal 24 or caudal 25, 26 to that utilized here, in all cases medial to those of the present study, and lesion site could conceivably impact the absolute size threshold for such effects.
The complete elimination of PIDs in animals with large lesions was striking ( Figure 5 ). These had been intentionally produced in a few preliminary experiments to examine the impact of lesion size, in which all perfusion imaging had been performed under isoflurane anesthesia. No large lesions were generated in the subsequent preconditioning study under α-chloralose, so it is unknown whether such a profound effect would be observed under conditions that favor increased PID incidence. Whether the white-matter edema associated with large lesions could have any direct role in PID attenuation remains unclear.
Peri-Infarct Depolarizations, Blood Glucose, and Anesthesia/ analgesia Management The impact of anesthesia on PIDs has been recognized for some time. Volatile anesthetics such as halothane and isoflurane reduce PID incidence relative to that observed under α-chloralose, 5, 38 and the latter may be considered as the anesthetic of choice for such studies. 39 However, effects on PIDs specifically related to repeated use of volatile anesthetics have not been previously described.
Hyperglycemia is a recognized complication of isoflurane anesthesia that can usually be mitigated by a prior overnight fast. Nevertheless, glucose levels tended to be elevated when previously fasted animals were reanesthetized for a second surgical procedure, and profound hyperglycemia became evident with the introduction of postoperative buprenorphine analgesia ( Figure 2 ). The latter was apparently associated with the stress of bedding consumption (pica) during the intended overnight fast, a behavior previously described after administration of this agent to rats. 28 Clearly, it is essential to consider alternative analgesic agents for future studies of this type. However, modest blood glucose elevation was observed even without postoperative analgesia (Figure 2 ), so its potential impact must be examined in the context of any studies involving repeated surgical procedures. The effect of hyperglycemia to reduce spreading depression or PID incidence during ischemia is well known, 2, 29 although PID sensitivity to modest elevations in blood glucose does not appear to be widely recognized. In the specific context of hyperglycemic ischemia such an effect could be mediated by the associated decrease in tissue pH, which is known to increase the depolarization threshold. 40 Previous CBF autoradiography studies in awake animals documented a delayed recovery of penumbral perfusion between 1.5 hours and 3 hours after occlusion in animals preconditioned by focal ischemia. 20 The same phenomenon was observed here after Figure 6 . Effect of preconditioning on peri-infarct depolarization (PID) incidence, acute infarct progression, and penumbral perfusion, and the impact of anesthesia. Rats subjected to cryogenic lesion (CL) or Sham procedures exhibited comparable reductions in the incidence of PID-associated flow transients during 4 hours of focal ischemia when maintained under isoflurane anesthesia. Infarct size also tended to be reduced in both groups relative to naive animals but this did not achieve statistical significance. When monitored under α-chloralose anesthesia, PID incidence in naive animals doubled relative to that observed under isoflurane. PID number under α-chloralose was unaffected by the prior sham procedure, but was markedly reduced by CL preconditioning. Naive and Sham groups achieved infarct volumes after 4 hours of α-chloralose anesthesia comparable to final 24 hour infarct volume in the model (shaded bars, ± 1 s.d.), and significant protection was observed after CL preconditioning. Penumbral cerebral blood flow (CBF) estimates were systematically higher under isoflurane anesthesia. When monitored under isoflurane anesthesia both Sham and CL groups exhibited significantly increased CBF relative to Naive animals, whereas under α-chloralose only CL animals showed increased perfusion. *P ⩽ 0.05 versus Naive. Figure 4 ). The previous report had also shown recovery of penumbral CBF during laser Doppler imaging in preconditioned rats maintained under halothane anesthesia after occlusion. 20 However, a shamoperated group had not been included in that evaluation, and the present results now suggest that even a brief sham procedure is sufficient to improve perfusion in animals when they are maintained under the same volatile anesthetic during imaging ( Figure 6) . Preliminary experiments indicate that intubation and anesthesia exposure alone can replicate the impact of sham surgery (not shown), suggesting that the PID reduction constitutes an anesthetic preconditioning phenomenon. Importantly, these effects of prior isoflurane exposure are lost when animals are maintained under α-chloralose anesthesia after occlusion ( Figure 6 ). The present results therefore further suggest that such preconditioning does not represent a direct effect on stroke pathophysiology, which might be expected to be transportable across anesthesia conditions. Rather, prior isoflurane exposure affects the impact of a subsequent exposure to the same agent.
CL preconditioning (3-hour data in
The mechanisms underlying this differential response during a second isoflurane exposure remain unclear. As a practical matter, the comparatively brief isoflurane anesthesia interval needed for lesion production appeared to have minimal impact when rats were allowed to rapidly recover from anesthesia after subsequent occlusion surgery (Figure 4 ). Its effects on PID number and perfusion became prominent when anesthesia was maintained for perfusion imaging (Figure 6 ). Such anesthetic preconditioning effects might therefore be predicted to have their greatest impact on infarct volume under experimental conditions that involve prolonged anesthesia during an occlusion, as for example in many transient ischemia models. It is possible that the relatively long interval of deep isoflurane anesthesia required for skull preparation further increases the potential for interactions in the context of the current studies.
Peri-Infarct Depolarization Number, Infarct Size, and the Impact of Hyperglycemia Although the present results show associated effects of CL preconditioning on PID incidence and infarct volume, they do not unambiguously define the cause-effect relationship underlying this result. Consistently large infarcts (representing Naive and Sham animals under α-chloralose anesthesia) were observed over a wide range of PID incidence (Figure 7, upper panel) . Therefore, PID number is not an important determinant of infarct size for animals exhibiting already maximum MCA territory involvement, although it may well impact functional or histologic end points not evaluated in these studies. Correlated decreases in infarct size and PID number are observed in animals exhibiting graded infarcts (those maintained under isoflurane anesthesia, or CL preconditioned rats under α-chloralose), but these are also associated with attenuation of the underlying perfusion deficit (Figure 7 , middle panel). Smaller ischemic territories have shorter perimeters and smaller penumbra volumes, reducing the probability of triggering PIDs. The decrease in PID incidence after preconditioning could therefore be as much a consequence as a cause of the protection observed.
It should be noted that although hyperglycemic animals were excluded from the initial group analyses, their inclusion would not have greatly impacted the results. For example, CL animals still exhibited fewer PIDs than did Sham animals with comparable blood glucose levels (Figure 2) , and still had smaller infarcts (not shown). Hyperglycemia therefore does not alter CL effects, but rather superimposes further reductions in PID incidence. Since blood glucose elevations were viewed primarily as technical issues to be resolved, only a few such animals were fully evaluated. However, the finding that PID incidence could be uncoupled from perfusion and infarction (Figure 7) weakens the case for a causal link between PID reduction and preconditioning protection.
As a final comment, although hyperglycemia is variably reported to worsen outcome in experimental stroke, the absence of an effect on infarct volume in the current study is consistent with previous observations in the SHR. 41 A recent study also found no effect in fructose-fed stroke-prone SHR under conditions that increased infarct size in the normotensive Wistar-Kyoto strain, 42 although the initial rate of lesion expansion was increased by modest hyperglycemia in both. The limited vascular collaterals of the SHR, and the already large infarcts resulting from permanent MCA occlusion in this strain, reduce the likelihood of detecting an exacerbating effect of hyperglycemia. Figure 7 . Peri-infarct depolarization (PID) incidence, infarct volume, regional cerebral blood flow (CBF), and the effect of hyperglycemia. Correlations are shown for individual animals that contributed to the data of Figure 6 , with inclusion of additional data from hyperglycemic animals. Group designations are omitted for clarity. Upper panel: There was a general correlation between PID incidence and infarct volume below a threshold of approximately 10 PIDs, above which infarct size was constant over a wide range of higher PID incidence. (Shaded bar, naive 24 hour infarct volume ± 1 s.d.) Middle panel: Reduced PID incidence was associated with improved perfusion of distal middle cerebral artery (MCA) territory in normoglycemic animals, whereas hyperglycemia decreased PID number independent of penumbral perfusion. Lower panel: Penumbral perfusion was inversely correlated with infarct volume, with little effect of blood glucose on the relationship. (Line indicates best fit for normoglycemic animals.)
